Synthesis of c-axis grown ¢-Ni(OH) 2 was attempted by rapid hydrolysis and/or direct hydrothermal treatment of the mixed solution of NiCl 2 , HCl and NH 3 . The UVvis spectra revealed the addition of NH 3 into NiCl 2 solution shifted the peak position to shorter wavelength, indicating the formation of nickel ammine complex. Hydrolysis of the mixed solution containing nickel ammine complex gave ¢-Ni(OH) 2 particles. The amount of NH 3 in the mixed solution did not affect the crystallinity or morphology of the ¢-Ni(OH) 2 particle by the conventional rapid hydrolysis. Hydrothermal treatment of the hydrolyzed ¢-Ni(OH) 2 particles was changed the morphology from agglomerated particles to nanosheets-linked structure or hexagonal plates. However, any crystal growth or particular-axis growth was not recognized. Then, the direct hydrothermal treatment of the mixed solution was attempted. The direct treatment at certain amount of coexisting NH 3 gave small amount of the precipitates, and the precipitates showed distinctive XRD pattern of c-axis grown ¢-Ni(OH) 2 . The electrochemical property of the c-axis grown ¢-Ni(OH) 2 structures indicated that the diffusion control was the rate-determining step for the charge/discharge process.
Introduction
Nickel hydroxide [Ni(OH) 2 ] has been used as cathode material for nickel based alkaline secondary batteries. ¢-Ni(OH) 2 crystal has a layered structure in which each layer consists of two sheets of hydroxyls in hexagonal close packing with a sheet of Ni atoms between them. The charge/discharge of ¢-Ni(OH) 2 is considered to take place topochemically through insertion and deinsertion of protons in the interlayer space. Many researchers have focused on the controlling of ¢-Ni(OH) 2 nanostructure for enhancing their electrochemical properties. The various methodology have been proposed to produce ¢-Ni(OH) 2 nanostructure, i.e., trigonal-hourglass-like, 1) ,2) truncated trigonal, 2) pancake-like, 3) coral-like, 4) hollow microspheres, 5) nanosheets (honeycomblike), 6) flower-like, 7)9) nanorods, 10),11) circular particles, 12) and hexagonal plate. 10)15) However, to the best of our knowledge, a suitable structure or morphology of ¢-Ni(OH) 2 in nano size as a positive electrode material has not been elucidated. Recently, our group has reported ¢-Ni(OH) 2 nanostructures with high specific surface area (SSA) beyond 200 m 2 g 1 . 16 ) 18) In those studies, the high-SSA ¢-Ni(OH) 2 could be transformed into nanosheets at 100120°C and nanodisks at 200°C by hydrothermal treatment, respectively.
16) ¢-Ni(OH) 2 hexagonal plates could be also synthesized from the high-SSA ¢-Ni(OH) 2 by solvothermal treatment using 6.2525% aqueous ammonia solution at 80200°C. 17) The thickness of the hydrothermally derived ¢-Ni(OH) 2 was strongly influenced by the amount of coexisting ammonia in water. As a next step, the anisotropic crystal growth of ¢-Ni(OH) 2 was attempted in our previous study by the hydrothermal treatment for the high-SSA ¢-Ni(OH) 2 in the presence of ethylenediamine or guanidine carbonate.
18) It was found that hydrothermal treatment in the presence of guanidine carbonate showed strong effects for keeping or enlarging SSA. It was also found that the electrochemical properties of the synthetic ¢-Ni(OH) 2 samples depended strongly on their nanostructure. In our opinion, c-axis grown cylindrical structure is a candidate for a suitable structure as a positive electrode material especially for rapid charge/discharge cycling. The presence of ammine is also thought to be a key point of anisotropic crystal growth of ¢-Ni(OH) 2 . In this study, the anisotropic crystal growth of ¢-Ni(OH) 2 toward c-axis direction was attempted by rapid hydrolysis and/or direct hydrothermal synthesis of ammine containing system. The electrochemical properties of the resulting samples was also evaluated to elucidate the effect of c-axis grown crystal structure and nanostructure.
Experimental procedure

Rapid hydrolysis
The rapid hydrolysis of ammine containing nickel salt was conducted as follows. The adequate amount of 36.5% hydrochloric acid (HCl) and 25% ammonia (NH 3 ) aqueous solutions were added in a 0.1 mol L 1 nickel chloride (NiCl 2 ) aqueous solution. The mixed aqueous solution of HCl, NH 3 and NiCl 2 was added dropwise into a 1% tetramethylammonium hydroxide (TMAH) aqueous solution to obtain Ni(OH) 2 precipitates by rapid hydrolysis. The molar ratio of NiCl 2 , HCl, NH 3 and TMAH was settled at 1:4:x (x = 120):5. The precipitate was aged and collected by filtration. The collected ¢-Ni(OH) 2 was dried at 60°C for 24 h in air.
Hydrothermal treatment
To accelerate the separation of adhesion and anisotropic crystal growth for the as-hydrolysis sample, hydrothermal treatment was conducted using 50 mL Teflon lined autoclave. 0.2 g of ¢-Ni(OH) 2 was suspended in 20 mL of distilled water. The suspension was poured into the autoclave and was kept at 80 200°C for 12 h. The resulting hydrothermally treated hydroxides were collected by filtration and then washed with deionized water several times.
Direct hydrothermal synthesis
The direct hydrothermal synthesis of ammine complex was carried out as follows. The mixed solutions containing NiCl 2 , HCl and NH 3 was settled at Ni:HCl:NH 3 = 1:4:x (x = 620). 20 mL of the mixed solution was poured into autoclave and elevated temperature for direct hydrothermal synthesis.
Characterization
UVvis spectra of the mixed solution of NiCl 2 , HCl and NH 3 were measured by a Shimadzu MultiSpec-1500 to confirm the formation of ammine complex. Powder X-ray diffraction patters were measured by a Shimadzu XRD-7000 diffractometer using Cu K¡ radiation. Specific surface areas were calculated with the Brunauer, Emmett, and Teller (BET) method from N 2 adsorption/desorption properties. Scanning electron microscopy (SEM) images were obtained on a Hitachi S-5500. The electrochemical measurements were carried out using a HZ-5000 (Hokuto Deko, Japan) at 25°C. The charge/discharge rate of C was defined on the basis of the theoretical capacity of ¢-Ni(OH) 2 (289.15 mA h g 3. Results and discussion 3.1 UV-vis spectra of NH 3 containing NiCl 2 solution . The rapid hydrolysis of the controlled nickel ammine complex was carried out in the presence of various amount of NH 3 to evaluate the nano-and crystal-structure of obtained particles.
Rapid hydrolysis
First, the rapid hydrolysis of nickel ammine complex in the presence of small amount NH 3 was conducted to expect an anisotropic crystal growth by non-equilibrium state of nickel ammine complex [Ni(H 2 
. Figure 2(a) shows the X-ray diffraction pattern of the sample prepared by rapid hydrolysis in the presence of 0.6 mol L 1 NH 3 . All diffraction peaks were identified to ¢-Ni(OH) 2 of ICDD No. 14-117. As reported previously, 16) 18) broad and sharp peaks for the hydrolyzed sample were observed in c-axis related peaks of (001), (101), (102) and (111) reflections and in c-axis non-related peaks of (100) and (110) reflections, respectively. The similar characteristic is recognized for all samples in the presence of 0.12.0 mol L 1 NH 3 . It should be noted that there is no significant effect of NH 3 addition for the XRD patterns only by the rapid hydrolysis. FE-SEM images revealed that the agglomerated spherical particles with 1020 nm diameter were formed in the presence of NH 3 [ Fig. 3(a) ], whereas the agglomeration of small particles was observed in the hydrolyzed sample in the absence of NH 3 . The differences of morphology may be caused by the difference in hydrolysis rate between NH 3 coordinated and water coordinated nickel ion. However, the size of agglomerated particles is comparable for the sample prepared from the various amount of NH 3 . These results indicate that the addition of ammonia does not affect the anisotropic crystal growth for the rapid hydrolysis method. 
Hydrothermal treatment
Hydrothermal treatment was carried out for the as-hydrolysis sample to accelerating the separation of adhesion and anisotropic crystal growth. After hydrothermal treatment of the sample prepared in the presence of 0.6 mol L 1 NH 3 , c-axis related peaks of ¢-Ni(OH) 2 became sharp with increasing temperature, as shown in Figs. 2(b)2(d) . The characteristic implies the formation of thicker particle in c-axis.
18) FE-SEM images in this study revealed a nanosheets-linked structure consisting of nanosheets around several tens of nanometer thick and several hundreds of nanometers wide for the hydrothermally treated samples at 80 and 120°C [Figs. 3(b), 3(c) ]. In contrast, hexagonal plates with 200300 nm diameter and 100 nm thickness were recognized in 200°C treated sample [ Fig. 3(d) ]. These results indicate the temperature effect is significant for the morphology of formed particles. As seen in Table 1 , hydrothermal treatment below 120°C to the hydrolyzed sample did not give any effect on SSA. Similar tendency was also observed in the hydrothermally prepared ¢-Ni(OH) 2 sample in the presence of guanidine carbonate. 18) On the other hand, the decrease of SSA was recognized for the sample obtained by hydrothermal treatment temperature at 200°C. This tendency was also observed in the solvothermally prepared sample in the low concentration ammonia at 200°C 17) or in the hydrothermally prepared sample in the presence of low concentration guanidine carbonate at 200°C. 18) Thus, the elevated temperature of hydrothermal treatment promotes the crystal growth in thickness direction with the decrease in SSA. Also, in this study, the ¢-Ni(OH) 2 nanosheets or nanodisks could be obtained by hydrothermal treatment of the hydrolyzed sample in the presence of NH 3 . Based on these results, the presence of ammine complex ion under the hydrothermal treatment at high temperature is a key point for anisotropic crystal growth toward c-axis direction of ¢-Ni(OH) 2 particles. However, the once formed particles may be restricted to crystal growth in thickness direction. Thus, the direct hydrothermal treatment of nickel ammine complex at 200°C was attempted in the following section. Figure 4 shows the X-ray diffraction patterns of the sample prepared by direct hydrothermal synthesis at 200°C for 12 h in the presence of given amount of NH 3 . The diffraction pattern of the sample prepared in the presence of 0.6 mol L 1 NH 3 was identified to the mixture of Ni(OH) 2 , NiCl 2 ·2H 2 O and unknown phase [ Fig. 4(a) ]. In this case, the ligand exchange of H 2 O to NH 3 was not completed. Thus, a partial hydrolysis occurred in the mixed solution and deposited the mixture of Ni(OH) 2 , NiCl 2 · 2H 2 O and unknown phase. Corresponding FE-SEM image was shown in Fig. 5(a) . It can be seen that plate-like structures are randomly stacked to form agglomeration. On contrary, the presence of NH 3 above 1.0 mol L 1 in the mixed solution formed a single phase of ¢-Ni(OH) 2 [ Fig. 4(b) ]. Twig-like structures with 5¯m length and 0.5¯m width were observed in FE-SEM image [ Fig. 5(b) ]. By the addition of 2.0 mol L 1 NH 3 , the XRD patterns showed particular characteristics, i.e., the decrease in the intensity of a-axis related peaks of (100), (101), (110) and (111), in contrast to the increase in the intensity of c-axis related peak of (001). The resultant ¢-Ni(OH) 2 product shows a c-axis growth [ Fig. 4(c) ]. The agglomeration of rod-like structures with 78 m length and 1¯m width were also recognized in FE-SEM image [ Fig. 5(c) ]. The length and thickness of rod-like structures increased with increasing amount of NH 3 . This phenomenon may be relates with the amount of ligand exchange of H 2 O to NH 3 , leading to the different rate of crystal growth during direct hydrothermal synthesis. Therefore, the addition of NH 3 in the mixed solution during direct hydrothermal synthesis is thought to be effective for crystal growth along c-axis. Further c-axis growth was attempted by further hydrothermal treatment by using the obtained c-axis grown sample in the same mixed solution. However, c-axis growth could not be enhanced [ Fig. 4(d) ]. The evaluation of c-axis growth was carried out by using the aspect ratio of the intensity of two peaks of (001) and (100). The aspect ratios of the sample prepared by direct hydrothermal synthesis and by rapid hydrolysis synthesis were estimated to be 17.2 and 2.2, respectively. The aspect ratio of the sample prepared by direct hydrothermal synthesis in the presence of 2.0 mol L 1 NH 3 is 7.8 times higher than that of the sample prepared by the rapid hydrolysis. Thus, the direct hydrothermal synthesis conducted at elevated temperature using nickel-ammine complex is a suitable method for c-axis grown ¢-Ni(OH) 2 . Figure 6 shows the charge/discharge curves of the c-axis grown ¢-Ni(OH) 2 sample prepared by the direct hydrothermal synthesis at 200°C for 12 h in the presence of 2.0 mol L 1 NH 3 . Each discharge capacities at given C-rates were also indicated in Fig. 6 . The maximum discharging property of c-axis grown ¢-Ni(OH) 2 was 65 mA h g 1 (23%) at 0.2C. The capacity at 1, 3 and 10C-rate decreased to 54 mA h g 1 (19%), 42 mA h g 1 (14%) and 25 mA h g 1 (9%), respectively. These capacities are lower than that of the sample prepared by rapid hydrolysis or hydrothermal treatment of hydrolyzed sample. As mentioned above, the designed nanostructure is obtained as c-axis grown ¢-Ni(OH) 2 18) The utilization region of cathode material on the charge/discharge process was calculated by assuming a sphere shaped ¢-Ni(OH) 2 particle.
Direct hydrothermal synthesis
where R is a radius of ¢-Ni(OH) 2 particle, r is the unused region from the center of ¢-Ni(OH) 2 particle and M is capacity of ¢-Ni(OH) 2 sample. The unutilized region (r) is estimated to be r = 0.92R when M is 0.23 of the maximum capacity for the sample prepared by direct hydrothermal synthesis. That is, only 8% of a surface region of the ¢-Ni(OH) 2 particle was utilized for the charge/discharge process. This is the reason why the sample prepared by direct hydrothermal treatment indicates the pretty low capacity. Figure 7 shows the relationship between oxidationreduction peak current (I p ) and square root of scanning rate (v 1/2 ) for the prepared sample evaluated by electrochemical measurements. The linearity of I p -v 1/2 was observed in both reduction and oxidation current, indicating the diffusion control is the rate-determining step for the charge/discharge processes. Figure 5 (c) reveals the agglomeration of formed structures. The agglomeration and decrease of SSA might restrict the diffusion of protons during charge/discharge process. Therefore, further control of ¢-Ni(OH) 2 nanostructure is needed for the improvement of electrochemical properties.
Conclusions
Anisotropic crystal growth of ¢-Ni(OH) 2 toward c-axis direction was attempted by rapid hydrolysis and/or direct hydrothermal treatment of the mixed solution of NiCl 2 , HCl and NH 3 . The UVvis spectra of the mixed aqueous solution revealed the formation of nickel ammine complex in the presence of NH 3 . Hydrolysis of the mixed aqueous solution was formed agglomerated spherical particles with 1020 nm diameter. The addition of NH 3 did not affect the size and morphology of the formed ¢-Ni(OH) 2 particles. Hydrothermal treatment for the hydrolyzed ¢-Ni(OH) 2 particles produced nanosheets-linked structure at 80 and 120°C or hexagonal plates at 200°C. However, the anisotropic crystal growth toward c-axis could not be recognized. The direct hydrothermal treatment of the mixed aqueous solution of 0.1 mol L 1 NiCl 2 , 0.4 mol L 1 HCl and 2.0 mol L 1 NH 3 gave the formation of the agglomerated rod-like structures with 78 m length, 1¯m width and 5.3 m 2 g 1 of specific surface area. The aspect ratio of the sample prepared from the direct hydrothermal synthesis was 7.8 times higher than that of the sample prepared by the rapid hydrolysis method. The electrochemical properties of c-axis grown ¢-Ni(OH) 2 sample indicates that the diffusion control is the rate-determining step for the charge/ discharge process. The direct hydrothermal synthesis using ammine complex is thought to be a suitable method for the synthesis of c-axis grown ¢-Ni(OH) 2 . 
